In this work, magnetic Fe-Cu bimetal oxide modified fly ash was used to remove phosphate from coating wastewater. The influences of pH, dosage amount and adsorption time on the removal of phosphate were investigated. The experimental results showed that pH had a significant effect on the adsorption of phosphate. The removal percentage of phosphate reached a maximum at pH 10.
INTRODUCTION
As a main nutrient, phosphate is essential for the growth of organisms in most ecosystems. However excessive amounts of phosphate may cause eutrophication of surface waters (Carpenter ) . Thus it is necessary to reduce phosphate for eutrophic water. Environmental researchers have proposed and applied many phosphate removal methods including chemical precipitation (de-Bashan & Bashan ), physicochemical processes (Mishra et al. ) and enhanced biological P removal (Gouider et al. ) .
Among these techniques, adsorption is known to be more useful and economical. Many materials have been used as adsorbents for removal of phosphate. These adsorbents and manganese dioxide (Mustafa et al. ) . An innovative technology that has gained increasing attention involves solid-liquid separation and employs adsorbents with magnetic properties. Magnetic separation is now widely used in many fields (Ren et al. ; Zhang et al. ) . In this study we attempted to use magnetic Fe-Cu bimetal oxide modified fly ash for the removal of phosphate from zinc phosphate coating wastewater. Zinc phosphate is a crystalline coating that is formed on a metal substrate. It is mainly used for the surface treatment of metal surfaces due to its corrosion resistance and wear resistance. The zinc phosphate coating process plays a significant role in automotive and outdoor applications. However, the presence of phosphate in the process wastewater leads to pollution when discharged directly into the environment.
Hence, the removal of phosphate is necessary to meet the discharge limit in order to control eutrophication. This study used batch adsorption experiments to investigate the influence of pH, dosage amount, and adsorption time on the removal of phosphate from the coating wastewater using magnetic Fe-Cu bimetal oxide modified fly ash. The kinetics of the adsorption and the adsorption isotherms were also studied.
MATERIALS AND METHODS

Materials and reagents
The fly ash used in this work was obtained from a coal-burning power plant. The wastewater was obtained from the zinc phosphate coating process of an automotive assembly plant.
The phosphate concentration in the wastewater was 9.94 mg/L. The chemicals and reagents used in this work were of analytical reagent grade. Deionized water was used for preparing solutions.
Preparation of magnetic Fe-Cu bimetal oxide modified fly ash
The Fe-Cu bimetal oxide modified fly ash was prepared according to the following procedure: 1 mol/L iron(II) sulfate heptahydrate and 1 mol/L copper sulfate pentahydrate was mixed in the molar ratio of 2:1, a given amount of fly ash was added into the solution, the slurry was heated to 70 W C, 3 mol/L NaOH was slowly added under vigorous stirring until the pH reached 11.
The mixture was then aerated uniformly by pumping air through porous glass to promote an oxidization reaction; the precipitate showed magnetism during the oxidization. Then the precipitate was filtrated and dried at 70 W C. The dry material was ground and used for the removal of phosphate.
Sorption studies
A sorption experiment was carried out to measure phosphate removal by the magnetic Fe-Cu bimetal oxide modified fly ash. The adsorbent was added to phosphatecontaining wastewater, the pH was adjusted to a given value, then the mixture was shaken for various times at 25 W C. After being shaken, the mixture was magnetically separated, and the residual phosphate concentration in the solution was measured spectrophotometrically using the molybdenum-blue ascorbic acid method. The experiments were duplicated under identical conditions, and average values were calculated and used.
RESULTS AND DISCUSSION
Effect of pH on the removal of phosphate
The effect of pH on the removal of phosphate is shown in According to the wastewater discharge standard, the pH range of the discharged water must be 6 to 9. Considering these factors, a pH of 8.5 was used for the subsequent experiments. At this pH the removal percentage of phosphate was 60.57%, which was slightly less than the maximum. 
Effect of contact time on the removal of phosphate
The effect of contact time on the removal of phosphate is shown in Figure 3 .
From Figure 3 , it can be seen that the process of phosphate adsorption showed two different steps. In the first step, a rather fast uptake of phosphate occurred within 120 min and the adsorption percentage of phosphate reached 97.97%, with the residual concentration of phosphate decreasing to 0.202 mg/L. The first step was then followed by a relatively slow stage until the adsorption of phosphate reached equilibrium when the contact time was 210 min.
In order to further understand the characteristics of the absorption process, the pseudo first order equation (Equation (1)), pseudo second order equation (Equation (2)), and intraparticle diffusion model (Equation (3)) were used to fit experimental data obtained from the adsorption experiments.
ln (q e À q t ) ¼ ln q e À k 1 t (1)
where q e and q t are the adsorption capacity of the adsorbate (mg/g) at equilibrium and at time t (min); k 1 and k 2 are the pseudo first order and pseudo second order rate constants, k i is the intraparticle diffusion rate constant and C is the intercept. The linear fit results of the three kinetic models are shown in Table 1 .
Of the three kinetic equations tested, the pseudo second order model was the most suitable in describing the adsorption kinetics of phosphate on the adsorbent. The calculated kinetic parameter k 2 was 0.027 g/min/mg, the calculated adsorption capacity at equilibrium q ecal was 6.776 mg/g and the experimental adsorption capacity at equilibrium q eexp was 6.612 mg/g. The q eexp was similar to q ecal . This also suggested that the experiment results fitted better with the pseudo second order model.
The pseudo first order and pseudo second order kinetic models cannot identify the adsorption mechanism, and the 
Sorption isotherms
The phosphate adsorption isotherm is shown in Figure 4 .
From Figure 4 it can be seen that the phosphate adsorption capacity increased considerably with the increase in phosphate concentration. This indicates that the adsorbent had a high affinity for the phosphate, and that phosphate could be effectively removed from solution. The isotherm data on phosphate adsorption were fitted to Langmuir and Freundlich equations.
Langmuir equation:
where q e is the amount of phosphate adsorbed per unit of sorbent (mg/g), C e is the phosphate concentration in equilibrium solution (mg/L), Q 0 is the Langmuir maximum capacity (mg/g), and K L is a constant related to the binding strength of phosphate.
Freundlich equation:
ln q e ¼ (1=n) ln C e þ ln K f (5) where K f and n are constants related to the adsorption capacity and the energy of adsorption.
Linearized forms of the Langmuir and Freundlich isotherms for phosphate adsorption are shown in Figure 5 , and Equations (6) and (7). The Q 0 and K L values for the Langmuir isotherm, the K f and n values for the Freundlich isotherm and the regression coefficients of the equations are shown in Table 2 .
It can be seen that the adsorption data fitted well with 
CONCLUSIONS
In this work, magnetic Fe-Cu bimetal oxide modified fly ash was used to remove phosphate from coating wastewater.
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